One of the greatest challenges of our era is the splitting of water in a cheap and effective way to produce an abundance of clean hydrogen fuel in order to sustain current levels of energy consumption. Today, Oxygen Evolution Reaction (OER) electrode materials are largely based on rare earth elements RuO 2 and IrO 2 , which are increasingly scarce. Here, we report the discovery of an inexpensive new material based on oxides of cobalt and vanadium that exhibits excellent stability under alkaline water electrolysis conditions and the lowest 2 overpotentials reported to date for OER in both neutral and alkaline conditions. This material outperforms IrO 2 and a recently discovered cobalt phosphate catalyst in terms of both OER catalytic activity and long-term materials stability associated with a low overpotential.
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Introduction
Efficient water splitting, through the electrolysis of water into hydrogen (H 2 ) and oxygen (O 2 ), is a key challenge in renewable electrical energy storage. The oxygen evolution reaction (OER), creates a double O-O bond from two water molecules thereby releasing four protons and four electrons. This is not an energetically favourable reaction and so requires a large overpotential 1, 2 . Water electrolysers require extreme pH to favour this reaction and perform water splitting in 6 to 9 M KOH on nickel electrodes at around 80-90 °C [3] [4] [5] . These are simple designs that are relatively cheap, but are not particularly efficient. As a consequence, electrolysers are large and have considerable energy requirements, since they contain hot and caustic liquid and represent a safety concern for inhabited spaces. More efficient and smaller electrolysers that operate at lower temperature rely on expensive cationic membrane technologies and IrO 2 electrodes, 6 that are typically used where space or safety is a primary consideration. Oxides and hydroxides of iridium and ruthenium exhibit good electrocatalytic activity towards the OER with a low overpotential and high current density. They have long been used as anodes in electrocatalytic systems for OER despite their high cost 7, 8 and IrO 2 is the best performing electrocatalyst discovered to date for the OER. There is an absence of competitive low cost catalytic materials with high current densities (j) (> 0.5 A cm −2 ) at low overpotentials (η < 0.3 V) over prolonged time periods 2 and this impedes the development of small, efficient water fueled hydrogen and oxygen generators.
Oxides of Mn, Co, Ni and Fe [9] [10] [11] [12] [13] have been found to be satisfactory, but not particularly efficient OER catalysts. 19 leading to poor charge transport through the catalyst film combined with the corrosiveness of the alkaline solution obstruct the development and commercialization of cobalt oxide as an OER electrocatalyst [20] [21] [22] [23] [24] .
Recently, amorphous oxides such as cobalt-phosphate 25, 26 , cobalt-borate 27 , and RuO 2 28 have generated interest because of their promising catalytic activity for water oxidation in alkaline as well as neutral conditions, but their performance is still low for competing alkaline or acidic electrolysers 25 . Altering the electrical conductivity can be achieved with dopants or defects in order to increase the mobile carrier density. For example, Ni-doped Co 3 O 4 nanowires showed improved electrocatalytic activity with a higher current density at the same overpotential compared to the undoped Co 3 O 4 18 . This increase of performance was attributed to an increase in the carrier number, higher surface area and improved electrical conductivity by four orders of magnitude (0.6 S cm -1 ) 18, 29 . Vanadium dioxide (VO 2 ) interestingly displays an insulator-conductor transition at around 70 °C whereupon it metallizes and its electrical conductivity abruptly increases by 10 4 orders of magnitude. Doping VO 2 with transition metal ions, such as tungsten 30, 31 , niobium 32, 33 , molybdenum 34 , titanium 35 , has been shown to modulate the thermal and electrical conductivities i) to reduce the transition temperature and ii) to increase room temperature conductivity .
Here we report the first example of a mixed amorphous cobalt-vanadium OER electrocatalyst with the lowest overpotential in the pH range 14-7. Despite having a very low specific surface area, zero porosity and large (> 1.5 µm) particle size, these amorphous electrocatalysts interestingly performed better than any reported electrocatalyst at these pH values. This finding potentially removes one of the remaining obstacles to high efficiency water-oxidation using inexpensive and earth-abundant materials.
Materials and methods

Materials
Citric acid anhydrous, glycine (99%), vanadium(IV) oxide sulfate hydrate (97%), and cobalt(II) nitrate hexahydrate (98%) were purchased from Sigma Aldrich, potassium hydroxide (85%) and potassium phosphate monobasic and dibasic were purchased from
Fisher. All electrolyte solutions were prepared with Milli-Q water (18.2 MΩ cm -1 ) obtained from an AquaMax-Ultra apparatus.
Materials synthesis
The electrocatalysts were prepared by citrate-nitrate auto-combustion (CNA) synthesis with citric acid as fuel 36 . Here citric acid is the fuel as well as the complexing agent, whereas the metal nitrate is the metal ion and oxidant source. Because this reaction is a low-temperature process, nitrate is not eliminated as NO x , but remains in the mixture and causes the metalcitrate to auto-combust. After complete dissolution, the water was removed on a hotplate at 80 °C, followed by 20 hours in a furnace at 120 °C and finally 5 hours at 250 °C.
Electrochemical methods
The electrochemical studies were carried out with a potentiostat VersaSTAT 3 (Princeton Applied Research) using a three-electrode electrochemical cell consisting of 50 mL of electrolyte solution. The experiments were performed at ambient temperature, the potentials were converted to the NHE following E(NHE) = E(SCE) + 0.240 V and the overpotentials were calculated using η = E(NHE) -0.4 V. Unless otherwise stated, the electrolyte was 1 M potassium hydroxide, pH 14.
Temperature dependence study
The electrochemical cell was immersed in a silicon oil bath and the temperature of the oil bath was gradually increased. Elemental composition and atomic bonding information were studied with X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific K-Alpha) with an Al Kα micro-focused monochromator, and Energy Dispersive X-ray analysis spectroscopy (EDS). Gas chromatography analysis with performed with a gas chromatograph SRI GC 8610.The
Brunauer-Emmett-Teller (BET) method was used for the specific surface area (SSA) (Tristar 3000, Micromeritics Instrument Corporation Norcross, Georgia, USA) by nitrogen adsorption and desorption.
Results and discussion
Electrochemical evaluation of Co-V electrocatalyst
The current density of a Co-V catalyst on a GC electrode was measured as a function of the overpotential (η) in KOH electrolyte. At pH 14.0 ( Figure 1A) , a large catalytic current was measured beginning at η = 300 mV, with a current density of 10 mA cm This increase in catalytic current may originate from the vanadium insertion into the Co framework.
A similar effect with an increased current of 1.6 and 4 times higher than that of undoped Figure S1 ). 10 , the Co-V material reported here has superior electrocatalytic behavior for OER. Besides exhibiting a much lower onset potential than the RuO 2 and IrO 2 electrocatalysts, Co-V catalyst exhibited higher current densities at lower potentials. This is especially significant considering the price of Co and V currently at < $12 per lb and ~$7000
and $3000 per lb for Ir and Ru respectively). The effect of V-doping on Co electrocatalysts was assessed with linear sweep voltammetry in alkaline conditions at various temperatures ( Figure 1B) . From 4 °C to 70 °C, the anodic current rapidly increased by 80% from 100 to 180 mA cm -2 at η = 600 mV for Co-V, whereas that for Co 3 O 4 electrodes increased by 67% from 30 to 50 mA cm -2 . To further understand the catalytic properties for OER of the Co-V electrocatalyst, a Tafel plot analysis was performed derived from the polarization curves using the Tafel equation η = b log(j/j 0 ), where η is the overpotential, b is the Tafel slope, j is the current density, and j 0 is the exchange current density ( Supplementary Information, Figure S2A ). Supplementary Information, Figure S2B ), clearly display a semi-circle with a slight distortion at high frequency, resulting from the catalytic film itself 51 . The larger arc at lower frequencies is attributed to the OER resistances 51 . The charge transfer resistance associated with the OER can be calculated from the diameter of the large semi-circle. From Figure S2B , given in the Supplementary Information, it is apparent that the charge transfer resistance of the Co-V electrode is drastically reduced, indicating a lower resistance and an easier electro-oxidative process. The turnover frequency (TOF) of the Co-V sample was calculated assuming that all the Co sites were involved in OER. We calculated a TOF of 0.061 s −1 at an overpotential of 400 mV, to produce anodic current densities of 10 mA cm −2 ;
almost 100 times lower than that of IrO 2 52 , three times higher than that of Ir/ C (0.027 s −1 ) 53 and approximately ten higher than in cobalt oxides and (oxy)hydroxides 54 .
To establish that the catalytic activity observed with the Co-V material is only due to the water splitting and that O 2 produced comes only from water, electrolysis was performed in helium saturated KOH electrolyte. During the experiment, helium gas was constantly flowed through the headspace of the anodic compartment and the gas produced at the anode was collected and analyzed with gas chromatography. The result shows that only O 2 gas was generated during the electrolysis with no-side reaction of unwanted gas.
The durability of the OER electrocatalysts at an applied current density of 10 mA cm -2 at pH = 14 was assayed by chronocoulometry ( Figure 1C) . Interestingly, while OER activity of the Co 3 O 4 electrocatalyst decreased with time in alkaline medium, the OER activity of the Co-V catalyst gradually enhanced in alkaline media with time (5 h) by 8% ( Figure 1C) . The morphology, elemental composition and crystallinity of the electrocatalysts after the durability test appear unchanged ( Supplementary Information, Figure S3 ). Since long-term stability in real conditions is a key parameter for any potential use in an electrolyzer, the stability of the Co-V catalyst was also measured by incubating the electrocatalyst in 6 M KOH solution at 80 °C, and by periodically monitoring its activity ( Supplementary   Information, Figure S4 ). The catalyst maintained ~50% of its initial activity after 2 months.
Oxygen evolution in neutral solutions is extremely attractive due to its benign nature and lower causticity 25 . While the electrocatalytic activity of the Co control and Co-V catalyst towards OER is drastically impeded in neutral conditions, the Co-V electrocatalyst could easily operate. Obviously the OER onset potential shifted towards a higher voltage compared to that in an alkaline environment, nevertheless the catalytic current of the Co-V catalyst is seven times higher (3.5 mA cm -2 vs. 0.5 mA cm -2 at 1.1 V) than the well documented CoPi electrocatalyst 25 , OER reference in neutral conditions (Figure 1D ).
Preparation and characterization of the electrocatalysts
The method of preparation of metal oxides strongly impacts their surface area; generally high calcining temperatures promote larger crystallite size and low surface area 55 . Citric acid as chelating agent and fuel and cobalt nitrates as oxidants were used at low temperature (below 300 °C) to produce Co-V nanopowders 36 . Prior to the incorporation of citric acid, the vanadyl Scanning electron microscopy (SEM) and associated elemental mapping indicated a uniform distribution of Co and V for the sample calcined at 250 °C (Figure 2E-F) . The surface of the control is grainy and appears to be an agglomerate of nanoparticles (Figure 2) , whereas the surface of the Co-V catalyst consists of smooth fragments in the microscale range ( Figure   2D ). The specific surface area (SSA) of the Co-V material, confirmed the lack of porosity in this material as the surface area was too low to be measured by either nitrogen or argon adsorption. Energy-dispersive X-ray analysis (EDX) spectra were obtained from multiple TEM images of the Co-V catalyst showed an irregular shape suggestive of a glassy material.
Where particles were small enough to allow electron transmission, there was some evidence of a flake or plate-like morphology in smaller particles. (Figure 4A ) EDX analysis demonstrated that these platelets are made of the elements Co, O, V and S from the sulfate of the vanadyl source ( Figure 4B ). (D) HRTEM image of an individual platelet after 10 h subjected to electrolysis.
A high resolution TEM picture of an individual platelet is shown in Figure 4C . Selected area electron diffraction (SAED) patterns collected from this platelet architecture confirm its amorphous nature ( Supplementary Information, Figure S7 ). Figure 4D exhibits a representative TEM image of the harvested samples after 10 hours electrolysis in 1 M KOH at 10 mA cm -2 , where no significant change could be detected compared with the initial Co-V sample.
Conclusion
In conclusion, we report a breakthrough in the development of cheap, sustainable and efficient amorphous electrocatalysts based on the combination of cobalt with vanadium for the production of hydrogen through water splitting as a renewable energy storage system. With tailoring of the V-content in the cobalt, the electrocatalytic activity was drastically improved with a Tafel slope as low as 66 mV decade -1 and a low overpotential of 300 mV achieved at current density of 10 mA cm -2 . This new synthetic approach introduces a class of promising amorphous materials for use in both alkaline and neutral electrolyzers.
We report a mixed vanadium cobalt electrocatalyst, with an unprecedentedly low overpotential for the O 2 evolution reaction in both at neutral and alkaline pH, outperforming IrO 2 and a recently discovered cobalt phosphate catalyst in terms of both OER activity and stability.
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